Abstract The levels of nitrogen oxides (NO x = NO + NO 2 ) released from both portable and standing combustion devices are on the increase, which contributes to serious environmental problems such as global warming and air pollution. The selective catalytic reduction (SCR) of NO x by hydrocarbons (HCs) is very effective, so there have been many studies of the performance of various catalysts for HC-SCR. In this study, Ga 2 O 3 -Al 2 O 3 -NiO-ZnO (GANZ) nanocomposite metal oxides were tested as catalysts for NO x reduction by C 2 H 4 . The spinel metal oxide powders were prepared with the hydrothermal reaction method. Aluminum, gadolinium, nickel, zinc nitrate, and ammonium carbonate salts are highly water soluble and were used in these syntheses. The hydrothermally synthesized powders were then processed with wet atomization to obtain highly dispersed fine particles. Finally, the spinel powders were tested in NO x reductions performed in the presence of high levels of oxygen and at a high space velocity, which are demanding conditions since most reported catalysts are not active in this environment. The synthesized product is an uncontaminated spinel phase of GANZ and was found to exhibit high catalytic activity even in the presence of 10 % H 2 O vapor and SO 2 at a high space velocity. GANZ catalysts were also synthesized with the co-precipitation and sol-gel methods for comparison.
Introduction
NO x is a very toxic pollutant that leads to acid rain and photochemical smog. Indeed, prolonged exposure to NO x can cause violent coughing, difficulty in breathing, and cyanosis, which can be fatal. The main sources of NO x are vehicles and electric devices, as well as industrial, commercial, and residential sources that utilize fuels for energy [1] . The quantities of exhaust produced by vehicles, which are major contributors to NO x emissions, are consistently in the upslope due to increasing number of vehicles as well as all kind of road transport. NO x undergoes a photochemical reaction stimulated by the ultraviolet rays in sunlight to produce toxic ozone, which is harmful to plants and humans alike. NO x also reacts with water in the atmosphere to form a toxic acid, which contaminates water in lakes, rivers, and soil, and causes acid rain [2] . Acid rain is very dangerous to plants and animals. The development of high-performance ceramics as active materials and of innovative manufacturing processes for these materials is considered crucial to attempts to address these problems. NO x can be directly decomposed by a catalytic reaction that requires no reducing agent. This direct decomposition has the products N 2 and O 2 and could, in principle, be very economical. However, direct decomposition rates are very low for all reported catalysts under real conditions, i.e., in the presence of 2-10 % O 2 , H 2 O vapor, and SO 2 and at high space velocities. Therefore, it is essential in NO x reductions to use a reducing agent such as hydrocarbon (HC)-selective catalytic reduction (SCR) [3] . Single metal oxides, multiple metal composite oxides, and zeolites doped with transition metals have been tested for NO x reduction in the presence of H 2 O vapor [4] . Zeolite catalysts are not suitable for SCR of NO x by HC because of their instability in the presence of H 2 O vapor [5] . In general, the catalytic activities of these materials diminish significantly with time in the presence of H 2 O vapor, SO 2 , and particulates. Three-way catalysts (TWCs) for NO x reduction were tested in the USA and Japan in 1977. TWCs can retain their high performance when the exhaust feed gas settings are adjacent to the stoichiometric point. However, airfuel proportions are not constant in actual vehicle use. In fact, TWCs are ineffective in the reduction of NO x under oxygenrich conditions [5] .
It has been reported that γ phase Al 2 O 3 and metal oxidedoped γ-Al 2 O 3 are very effective catalysts for the reduction of NO by hydrocarbons [6, 7] . Many metal oxides, particularly those of the transition metals Zn, Fe, Co, Cu, Ag, and Pt, have been tested as dopants for enhancing the catalytic activities of γ-Al 2 O 3 [8] . It is well known that metal oxide-doped γ-Al 2 O 3 catalysts are stable with respect to the presence of H 2 O vapor and SO 2 . Further, a γ-Ga 2 O 3 -Al 2 O 3 (GA) solid solution has been shown to be an effective catalyst for the reduction of NO x by hydrocarbons [9] [10] [11] . However, this GA catalyst is unreliable because the solid solution is based on the γ phase and must change its phase for increasing temperature in practical application system [12] . The chemical formula of the spinel is AB 2 O 4 , where A is a divalent (Ni, Zn, or Co) metal cation that resides in a tetrahedral site and B is a trivalent metal cation (Al) that typically occupies the octahedral sites of the cubic lattice. Oxide-based spinels have been used as magnetic materials, pigments, refractory materials, and catalysts [13] [14] [15] . The stability of Ni-doped Al 2 O 3 as a support is higher than those of other supports [14] . The surface area of a NiAl 2 O 4 spinel is usually very high, irrespective of the synthesis method. This high surface area has a large impact on catalytic applications. In general, if the particle sizes in a material are very small, then it has a high surface area. Thus, we synthesized nanosized Ni-doped Al 2 O 3 -Ga 2 O 3 spinel powders to assess their catalytic properties.
The synthesis of a spinel via a solid-state reaction requires the mechanical mixing of the oxide powders and subsequent sintering at a temperature of approximately 1000°C. With this method, spinel powders with a low surface area will be obtained due to the high-temperature sintering. In contrast, spinels with surface areas of 100 m 2 g −1 can easily be obtained via the co-precipitation of metal hydroxides or nitrates followed by calcination at temperatures between 750 and 1000°C. However, the co-precipitation method typically produces a non-homogeneous final product with various particle sizes and compositions [16] . It has been reported that spinels with a surface area of 16 m 2 g −1 can be obtained by using highly water-soluble tartrates or citrate metal salts [17] . These synthesized products need to be calcined at 900°C. It is well known that low surface areas in the range 10- [19] . In our previous study, GAZ (Ga 2 O 3 -Al 2 O 3 -ZnO) powders showed a smaller surface area than that of GAN. Despite the lower surface area, GAZ powders exhibited a high catalytic activity similar to GA [10] . It was observed that the simultaneous addition of NiO and ZnO to the GA could enhance the catalytic activity [9, 10] . It was therefore of interest to examine the changes in the NO reduction activity caused by the addition of double dopants NiO and ZnO into the GA. The performance of the GA catalysts containing double dopants NiO and ZnO was like that of typical zeolite-based catalysts, and NO reduction activity was found to be somewhat higher over the temperature range of 300-500°C [11] . However, in the presence of H 2 O vapor, the catalytic activity of NiO and ZnO containing GA decreased (ca. 30 %) with time. Note that the catalysts were prepared by co-precipitation method [10] . Thus, we attempted to prepare a GANZ nanocomposite with fine grains by using a new synthesis route in order to obtain catalytically active materials that can withstand the presence of H 2 O vapor: the spinel catalysts were synthesized with the hydrothermal method, and the synthesized powders were processed with wet atomization. The hydrothermal method is normally performed in aqueous solution at lower temperatures in the range 100-200°C in pressurized vessels and has been used to prepare advanced functional materials relatively at low temperature [20] . With this method, fine, high-purity, homogeneous powders can be synthesized from single and/or multicomponent metal oxides. High chemical homogeneity is one major advantage of the hydrothermal method, which makes it attractive for the synthesis of complex oxides such as spinel. The main objective of this study was to prepare GANZ nanocomposites with fine grains. The wet atomization process is a novel method for mixing and distribution and has proved particularly useful in the fields of food technology and chemical engineering [21] . A very short reaction period, particle size reduction, and homogenization can be achieved by using this method. The atomizer system can generate high pressures and eventually produces fine particles with homogeneous dispersion. In a high-pressure atomizer, the liquid solution sample is passed through an extremely narrow gap at high speed, which produces very fine powders with large surface areas.
In this study, nanosized GANZ powders were synthesized and tested in NO reduction by hydrocarbon in the presence of H 2 O vapor and SO 2 at a high space velocity to assess their catalyst properties under real NO x reduction conditions. We also synthesized GANZ powders with the co-precipitation and sol-gel methods for comparison.
Experimental Details

Development of High-Performance Materials
Materials: Ga 2 O 3 , Al 2 O 3 , NiO, and ZnO nanocomposite with a high surface area. Synthesis methods: co-precipitation, solgel, hydrothermal, and wet atomization.
Synthesis
In this study, spinel catalysts were prepared by using three different synthesis methods for comparison and to identify the best synthesis route. It has been shown that the selection of preparation technique is very important for catalyst stability and performance [7] .
Co-Precipitation
Ga(NO) 3 . 4·7H 2 O, Al(NO 3 ) 3 ·9H 2 O, Ni(NO 3 ) 2 ·6H 2 O, and Zn(NO 3 ) 2 ·6H 2 O were used as raw materials. All materials were from Kojundo Chemical Co., Japan. GANZ powder sample was prepared with the co-precipitation method by a molar ratio of Ga/Al/Ni/Zn = 30:35:25:10 mol%. An aqueous solution was prepared by dissolving transition metal nitrate salts. The precipitation of the metallic ions was induced by the addition of ammonium carbonate salt. The solution pH was kept at approximately 8.5, and the solution was agitated for 24 h. The obtained products were washed by centrifugation with distilled water and alcohol four times. The powder sample was dried at 110°C and calcined at 800°C for 2 h in air.
Sol-Gel Method
GANZ catalyst powder was also synthesized with a sol-gel process. The aluminum boehmite (γ-AlO(OH)) sol was prepared by hydrolyzing aluminum(III) tri-isopropoxide in hot water (90°C) under inert conditions. To obtain a clear solution, a small amount of nitric acid was added, and then, the metal nitrates were mixed with a molar ratio of Ga/Al/Ni/ Zn = 30:35:25:10 mol%. The sol solution was stirred for 12 h. Solvents were removed by heating at 60°C for 24 h, and the residues were dried and calcined at 600°C for 2 h in air.
Hydrothermal Method
The hydrothermal method is an interesting strategy for the synthesis of multicomponent oxide-based powders because of the resulting high chemical homogeneity. Fine powders with large surface areas can be directly synthesized with the hydrothermal method, which means that high-temperature calcinations and milling processes are not required. In the synthesis of the GANZ spinel, the nitrate salts of Ga, Ni, Zn, and Al were used as raw materials. The contents of Ga 2 O 3 , Al 2 O 3 NiO, and ZnO were 30, 35, 25, and 10 mol %, respectively. The nitrate salts were dissolved in distilled water. (NH 4 ) 2 CO 3 was added to the solution to co-precipitate metallic ions and prepared a solution with a pH approx. 8.5, and then, the solution was vigorously stirred for 24 h. The precursor suspension was transferred into a plastic container with an inner volume of 30-50 cm 3 held in a steel vessel. N 2 gas was flushed through the suspension for 10 min. The mouth of the vessel was closed, and the hydrothermal reaction was performed at 200°C for 48 h. An autoclave with a capacity of 500 mL and a magnetically driven stirrer (Model TPR-1, Taiatsu Techno) was used for this hydrothermal reaction. The system was then allowed to cool to room temperature. The final product was collected by filtration and washed by centrifugation with alcohol and deionized water three times and decantation with deionized water to remove undesirable anions followed by drying in an oven for 24 h at 120°C. These powders are indicated as the "as-synthesized" samples.
Wet Atomization
Wet atomization is a new method for mixing and dispersion that is particularly useful in the fields of food technology and chemical engineering [21] . The "Star Burst System" HJP-25001 (Sugino Machine Ltd.) was used for the atomization of the hydrothermally synthesized GANZ slurry and/or solution. The ceramic ball, rubber band, and inside parts of the star burst system were washed in distilled water before operation. The round-shaped steel device with an extremely narrow hole was washed in distilled water, and 30-min ultrasonic cleansing was performed in ethanol. A very short processing period, particle size reduction, and homogenization can be achieved by using this system. This system can generate high pressures in the range 100∼200 MPa, which produce fine particles and homogeneous dispersions. In high-pressure atomization, the liquid is passed through an extremely narrow hole at high speed. As a result, we were able to obtain very fine powders with large surface areas. Heat is generated from the kinetic energy of the liquid flowing at high speed during the atomization period, so the higher the pressure, the greater the temperature rise in the liquid, which promotes deterioration of the dispersion liquid component and agglomeration of the particles. The fluid flow pressure and number of cycles of atomization were optimized for the highly dispersed GANZ slurry.
After hydrothermal synthesis, the obtained powders were wet-atomized by an addition of ethyl alcohol. By changing the fluid flow, pressure namely 100, 150, and 200 MPa, and repeating the atomization process up to five times, an optimum parameter has been fixed for highly dispersed GANZ slurry. The mean particle size's diameter was very small after atomizing three times at a pressure of 150 MPa. The particle size distribution was shifted slightly to higher values after repeating the slurries five times. Therefore, the rest of the atomization process was carried out by following the three-time pressure cycle process at a pressure of 150 MPa. The slurries were collected into a container after each step of atomization and finally dried at 110°C. These powders are indicated as the as-synthesized samples.
Characterization
X-Ray Diffraction (XRD) patterns were obtained by using an X-ray diffractometer (Rigaku Denki Co., Tokyo, Japan, RINT-2000 V) with a CuKα radiation source operating at 50 keV and 200 mA with a monochromator over a diffraction angle range 2θ from 10°to 80°at a scan rate of 2°/min. Nitrogen adsorption and desorption experiments were conducted with a Quantachrome Autosorb-IC automated gas sorption system (Quantachrome Instruments Co., Boynton Beach, FL). Before the measurements, the samples were first degassed at 350°C for 3 h under vacuum. The pore size distribution measurements were conducted directly on the powders by using a nano-perm porometer (Seika, Japan). The morphologies and thicknesses of the powders were determined with scanning electron microscopy (SEM; Hitachi S-4500, Tokyo, Japan, operated at 20 keV). The microstructures of the powders were characterized by performing TEM with a JEM-3000F (300 kV, JEOL Co., Japan). A laser diffraction method was used to measure the particle sizes of the powders, and their surface areas were determined with the nitrogen adsorption technique, i.e., the Brunauer-EmmettTeller method.
Catalytic Activity Measurements
A Pyrex glass tubular reactor with an internal diameter of 12 mm was used in the catalytic performance tests. The samples were retained between glass wool plugs in the reactor. A mass flow controller was used to control the gas flow rate. A four-channel electronic mass flow controller was used to fix the total flow rate at a constant value. The furnace temperature was increased at a linear heating rate of approx. 10 K min −1 with a computer-based temperature controller. Before the performance tests, the total system was activated by increasing the temperature from 200 to 700°C under real feed conditions. Data was collected during cooling from 700 to 200°C every 60°C after 40-min stabilization at each selected temperature point. During the H 2 O vapor and SO 2 poisoning tests, 10 % H 2 O vapor and 3 ppm SO 2 were inserted into the gas mixture with a micropump. The catalytic activities were determined in a flowing gas containing 1000-2000 ppm NO, 10 % O 2 , 3-10 ppm SO 2 , and 2-10 % H 2 O diluted in He; catalysts weight 0.18 g; and gas hour space velocity (GHSV) 20,000 h −1
. Gas chromatography and a molecular sieve were used to analyze the effluent gas at intervals of 20 min. By using an empty catalyst test station, an experiment was performed by flowing the original feed to verify that no NO x reduction occurs in the absence of catalyst.
NO and hydrocarbon conversion were calculated based on the hydrocarbon intake to obtain the NO reduction percentage. The NO conversion and the hydrocarbon conversion to CO x (CO + CO 2 ) were calculated based on the following expressions. The percentage error in the calculation data should be less than 2 %. 
Durability at a High Space Velocity
The durability of the spinels at high space velocities was tested to confirm whether the catalysts are effective under real NO x reduction conditions. Durability was tested for 100 h in the presence of 10 % H 2 O vapor and SO 2 .
Results and Discussion
Characterization of Catalysts
The XRD pattern of a Ga 2 O 3 -Al 2 O 3 -NiO-ZnO powder prepared with the hydrothermal method is shown in Fig. 1 . The composition of the starting materials was Ga/Al/Ni/ Zn = 30:35:25:10 mol%. Of Ga 2 O 3 , 30 mol% was used because this percentage was found to result in a Ga 2 O 3 -Al 2 O 3 system with the highest catalytic activity [10] . The asprepared powders were amorphous whereas the samples calcined at 800°C are crystalline. The XRD pattern contains diffraction peaks and confirms that the synthesized product is a spinel-type material. All the peaks matched well with the characteristic reflections of spinel (JCPDS card 780546). The Al 2 O 3 polymorph has a lattice parameter a o = 790.5 pm and is known to dissolve (in all proportions) in many spineltype aluminates [18, 22] . No diffraction lines other than those corresponding to a single spinel-type phase were observed and provide strong evidence for spinel [22] . The main focus of this study is the development of homogeneously dispersed fine particles which is crucial for NO reduction under real application conditions. The following sections discuss the SEM and TEM images of GAN powders prepared with the co-precipitation, sol-gel, and hydrothermal methods, followed by wet atomization processing. Finally, the powders were tested as catalysts in NO reductions. Note that our previous study showed that GAN and GANZ powders prepared with the co-precipitation and sol-gel methods do not exhibit good hydrothermal stability [7, 10, 11] .
The GANZ powder prepared with the co-precipitation method consists of nanoparticles, as shown in Fig. 2 . This powder was heat-treated at 800°C for 2 h in air and found to have a surface area of approx. 102 m . Figure 3 shows the TEM morphologies of γ-Al 2 O 3 , GA, and GANZ powders synthesized with the sol-gel process. The γ-Al 2 O 3 sample has a scattered cloud-like morphology in which needle-like fine grains with a width of approximately 3-4 nm are present (Fig. 3a) . The presence of {111} facets on the grain surface of γ-Al 2 O 3 was confirmed. Typical diffuse ring patterns assigned to γ-Al 2 O 3 (400) and (440) are visible in the SAED pattern (see the inset in Fig. 3a) . Somewhat peanutand/or rod-like particles become evident after the addition of Ga 2 O 3 into γ-Al 2 O 3 . The GANZ powders also contain highly visible rod-like particles. These results indicate that the peanut-type rod-like particles form after the addition and/or during calcination of Ga 2 O 3 into γ-Al 2 O 3 system. Hamada et al. also found peanut-type rod-like particles in the Ga 2 O 3 -Al 2 O 3 system [5] . Therefore, it could be anticipated that added NiO and/or ZnO might be present on the grain surface of the Ga 2 O 3 -Al 2 O 3 solid solution in the form of highly dispersed conditions [7] . Ga 2 O 3 -Al 2 O 3 solid solutions have been tested by many research groups as catalysts for the selective reduction of NO x . Ga 2 O 3 -Al 2 O 3 catalysts exhibit high catalytic activity at high temperatures [7, 8] . However, their catalytic activity deteriorates in the presence of H 2 O vapor, which is a major component of exhaust gases. Nanostructured spinel-type oxides have attracted great interest because of their unique mechanical strength, electronic properties, and sensitivity. Spinels have been used in various applications including sensors, electronics, nanodevices, and photoelectronics. Kung et al. studied Co-doped Al 2 O 3 and found that the cobalt species in this system changes from Co 3 O 4 to CoAl 2 O 4 (spinel) at 800°C and that the activity and selectivity of this catalyst increase upon the formation of the spinel phase [23] . Okazaki et al. found that a similar phenomenon arises for Ni-doped Al 2 O 3 and concluded that the spinel phase (metal aluminates) is the active metal species in this type of catalyst [24] .
We synthesized GANZ spinel powders with the hydrothermal method; a TEM image is shown in Fig. 4a . This morphology is quite different to those obtained with the two other GANZ powder synthesis processes (co-precipitation and sol-gel). The particle sizes of hydrothermally synthesized GANZ are in the range 100-200 nm and homogeneously dispersed. Some particles look spherical and appear to consist of nanoparticles (Fig. 4a) . Figure 4b shows a hydrothermally prepared GANZ powder after processing with wet atomization at a pressure of 150 MPa. The atomized GANZ powder (Fig. 4b) has a highly disperse morphology consisting of ultrafine particles. The surface area of this powder is approx. . It is obvious that this atomization system with a high fluid flow pressure converts the hydrothermally synthesized material into uniform fine particles very effectively within a short time. Note that γ-Al 2 O 3 and Ga 2 O 3 -Al 2 O 3 solid solutions with γ-Al 2 O 3 phases are not stable in the presence of H 2 O vapor. Moreover, the GAN sample with a spinel phase prepared by co-precipitation also has very low hydrothermal stability. 
Catalytic Performance
The catalytic activity of a GANZ powder prepared with the hydrothermal and wet atomization processes was tested by using a fixed bed reactor (Fig. 5) . The catalytic performances of the GANZ powders in NO reduction by C 2 H 4 are shown as functions of temperature in Fig. 6 . NO reduction commences at approximately 300°C. The NO reduction by C 2 H 4 increases with increases in temperature and reaches its highest activity in the range 380-580°C, when the NiO content of the GA system is 25 %. In Fig. 6 , the effect of NiO content was examined by keeping the nanocomposite composition Ga/Al/Ni/Zn = 30:35: (10-30):10 mol%, where 30 mol% of Ga 2 O 3 was known to give the highest catalytic activity for de-NOx reactions in the Ga 2 O 3 -Al 2 O 3 system [10] . The effect of ZnO content over GA system has been studied in our previous studies [11] [12] [13] [14] . The activity of the Ga 2 O 3 -Al 2 O 3 powder is very similar in this temperature range. Figure 6 also shows that the maximum NO reduction activity shifts toward the lower-temperature region as the NiO content in the GA system increases. In addition, very high catalytic activity was observed after the addition of NiO 25 mol%. It was found that the best composition could be Ga/Al/Ni/ The high reduction activity with a broad temperature ranges (380-580°C) was not observed for GA, GAN, and GAZ systems [10] [11] [12] [13] . Recently, we have synthesized the GA, GAN, and GAZ with the co-precipitation method and their catalytic activity was tested [10] [11] [12] [13] . We have also synthesized GAN and GAZ with the sol-gel and hydrothermal methods.
However, we did not observed the abovementioned high activity covering a broad temperature range.
Effect of H 2 O Vapor and SO 2 on GANZ
Most oxide-and zeolite-based catalysts lose significant catalytic activity with time in the presence of H 2 O and SO 2 [4] . In this study, the catalytic activities were determined in a mixture consisting of 1000 ppm NO, 1000 ppm C 2 H 4 , and 10 % O 2 diluted in He (Fig. 6) . However, when 10 % H 2 O vapor and 3 ppm SO 2 were added to this mixture, the NO conversion to N 2 at 500°C decreased from 88 to 83 % (Fig. 7) . In our previous study, we observed that the NO conversion decreased in a sequence of Co-ZSM-5 > Ga-ZSM-5 > ZnOGa 2 O 3 -Al 2 O 3 [9] . GANZ spinel was found to have high durability at 500°C for the reduction of NO by C 2 H 4 in the presence 10 % water vapor. Figure 7 shows a steady NO conversion for more than 50 h. It is also clear that this effect is fully reversible. The conversion of NO occurs at a reduced level in the presence of H 2 O vapor and SO 2 but returns to its original level when the H 2 O and SO 2 feeds are switched off. No peak is evident for NiO or ZnO alone in the XRD pattern. Highly dispersed NiO and/or ZnO in the GA system and the spinel phase might have some positive effect to improve the hydrothermal stability. The most remarkable observation of this study is the disappearance of peanut-type rod-like particles from the GANZ system upon wet atomization. This disappearance is due to the two-step synthesis process, which ensures a low agglomeration rate. In addition, this two-step process also significantly increases the catalytic surface area. As a result, very stable catalytic performance was observed for the GANZ system. The large surface area also plays an important role for high catalytic activity in presence of H 2 O vapor (Table 1) .
Research is now in progress to understand the co-relation between calcination temperature and/or synthesis process with the formation of rod-like particles and their disappearance during hydrothermal and atomization process.
The capping and/or inactivation of Lewis acid sites of oxides by water could be the reason for the 5 % reduction in NO conversion upon exposure to water. The conversion of the reducing agent C 2 H 4 is also lower under wet conditions than under dry conditions (Fig. 8) . The addition of H 2 O vapor may affect the catalytic performance for the oxidation of C 2 H 4 . These results show that the SCR of NO is inversely related to that for C 2 H 4 conversion. The developed NiO-and ZnOdoped Ga 2 O 3 -Al 2 O 3 composite material is a good candidate for practical use as a NO x reduction catalyst. The present synthesis process and the resulting GANZ spinel catalysts could be used in the catalytic removal of NO from the exhaust gases of vehicle engines and industrial boilers.
Conclusions
GANZ catalysts were prepared with the co-precipitation, solgel, and hydrothermal methods. The GANZ powders prepared with the hydrothermal method and processed through a wet atomizer were found to be highly effective in NO reduction under real conditions. A steady NO conversion was obtained for more than 50 h under such conditions. The hydrothermal reaction conditions as well as the pressure and number of cycles of atomization were optimized. The effect of GANZ catalyst preparation by different methods was examined. This is the first report showing GANZ catalysts with a unique hydrothermal stability. GANZ system showed high catalytic activity than those of GA, GAN, and GAZ system. It is an extraordinary finding because no research has yet been reported which shows GANZ nanoparticles stable at high temperature in presence of H 2 O vapor at high space velocity. The high-performance de-NO x developed in this study could be considered for industrial applications. Samples (1) were calcined at 800°C for 2 h, and samples (2) were calcined at 600°C for 2 h. Samples (3) and (4) were as-synthesized powders a BJH method from the adsorption isotherm
